Object. The authors undertook this study to examine the surgical approaches used to treat posterior petrous bone meningiomas at a single institution and retrospectively evaluate their surgical strategy based on a previously published classification.
P osterior petrous bone meningiomas account for 50% of posterior fossa meningiomas. Although these lesions share the characteristic of critical relationships with neurovascular structures of the posterior fossa, they encompass a wide spectrum of distinct clinical and radiological situations linked to distinct prognoses.
In addition to the regular retrosigmoid approach, several skull base approaches have been used for the resection of these meningiomas. 2, 4, 8, 14 Criteria for the selection of these approaches have not been addressed. The goal of this short paper is to clarify the roles of these approaches for the various subtypes of posterior petrous bone meningiomas.
Methods

Patient Population
Between 2002 and 2010, a total of 160 consecutive skull base meningiomas were surgically treated at the Université de la Méditerrannée by the senior author (P.H.R.). All data regarding surgery were integrated into an Excel data base (Microsoft Corp.). For this retrospective study, we selected from this database 71 cases of posterior fossa meningioma. Jugular foramen, clivus, tentorium, and foramen magnum meningiomas were excluded, leaving 59 cases of posterior petrous bone meningiomas for inclusion in the study. The institutional review board of the Université de la Méditerrannée at Marseille Nord approved this retrospective study.
Decision making for the surgical approach of posterior petrous bone meningiomas
Preoperative Neuroradiological Evaluation
Posterior petrous bone meningiomas were classified into 3 types following the Desgeorges classification, 6 which is based on the tumor's dural attachment to the posterior petrous bone surface: Type A (anterior) meningiomas originate from the petrous apex, Type M (middle) meningiomas originate at the level of the internal auditory meatus, and Type P (posterior) meningiomas develop from the posterior part of the petrous bone, between the posterior wall of the IAC and the groove of the sigmoid sinus (Fig. 1) .
Computed tomography scans and MR images, including contrast-enhanced images, had been obtained in all patients. High-resolution CT scans of the petrous bone had been obtained in selected cases involving patients who had previously undergone surgery in other centers, but neither cerebral angiography nor preoperative embolization was performed in the cases included in this study. Illustrative cases are shown in Fig. 2 . The measure of tumor size used in this study is the largest cross-sectional tumor diameter on CT scans or MR images.
Approaches and Surgical Technique
The standard retrosigmoid approach has been detailed in key papers on CPA tumors and was used routinely in this series. 11 In many cases, and depending on the location of the tumor, its size, and the patient's preoperative hearing level, we also used various transpetrous approaches. Anterior petrosectomy, combined petrosectomy, translabyrinthine, and retrolabyrinthine approaches have been extensively described in key papers and by our group in previous reports. 7, 11, 12 To clarify the systematization of the drilling zone corresponding to each approach, a model of the petrous bone segmentation according to Pellet 11 is shown in Fig. 3 . Basically, we selected the approach that could offer both the best chance of optimal resection and the safest dissection of the tumor within the environment of the neurovascular structures and cranial nerves. To do so, the type of tumor according to the "A-M-P" Desgeorges classification was carefully determined. An injected specimen with the lateral skull base exposed on the left side is shown in Fig. 4 : a combined petrosectomy was performed, and the exposure shows the critical neural structures delineating the different regions we considered. We gave special attention to the location of the tumor's main insertion site, the involvement of the adjacent areas (as illustrated in Fig. 2D ), and the tumor size. Prediction of nerve displacement, with special attention to the acousticofacial bundle, was a key factor in the decision. The patient's preoperative hearing status was considered, with both sides being taken into account. The amount of tumor resection planned (complete removal vs subtotal resection) may also modify the choice of the approach.
Whichever approach we used, cranial nerve function was monitored intraoperatively. Transpetrosal approaches allowed control and resection of the osteodural insertion of the meningioma, with significant coagulation of the tumor's feeding vessel being obtained at the early stage of the procedure. Once the dura was resected or opened, the next step was to undertake optimal internal debulking followed by peripheral dissection, with special attention to the identification and protection of the neurovascular structures and cranial nerves. We did not perform systematic radical resection when we estimated that the tumor could not be safely dissected from the brainstem, the vessels, or the preoperatively intact cranial nerves. 1, 9 Radical resection was not generally our main goal, since remnant tumor could be treated by stereotactic radiosurgery in a second stage. 13 
Extent of Tumor Resection
The extent of tumor resection was defined by the intraoperative findings using the Simpson criteria. These findings had to be confirmed by postoperative MR imaging performed 3 months after surgery. In this study, Simpson Grade 1 or 2 resection and no residual tumor on postoperative MR images corresponds to a total resection; Simpson Grade 3 or 4 resection and/or presence of residual tumor on postoperative MR images corresponds to a nontotal resection.
Patient Follow-Up
Systematic clinical examination and postoperative MR imaging were performed at 3 months, 1 year, 2 years, 3 years, and 5 years after surgery, and every 3 years thereafter. The decision to administer adjuvant stereotactic radiosurgery or any other modality of radiation therapy was decided in a multidisciplinary conference, depending on the size of the remnant tumor and the clinical condition of the patient at the time of the examination. Hence, stereotactic radiosurgery was delayed when the patient had any transient postoperative cranial nerve deficit.
Results
Patients
The patient population consisted of 13 men and 44 women (mean age 55.9 years) harboring 59 tumors. Preoperative symptoms depended on the location of the meningiomas. Trigeminal signs and gait ataxia were mainly present in patients with Type A meningiomas, whereas vestibular and hearing symptoms predominantly occurred in association with Type M and Type P meningiomas. Histological examination revealed a WHO Grade I meningioma in 55 cases and a WHO Grade II meningioma in 4 cases. The median duration of follow-up in this series is 30 months (range 6-124 months).
Tumor Size and A-M-P Classification
The mean cross-sectional diameter of the nodular part of the meningiomas was 36.4 mm, and the median cross-sectional diameter was 34 mm (range 20-67 mm).
The classification data are shown in Table 1 . Various types of extensions were observed depending on the primary dural attachment of the tumor. The involvement of the middle fossa was not infrequently observed in Type A meningiomas, and Meckel cave involvement was observed in 64% of Type A tumors in this series.
Extent of Resection
Total resection was obtained in 23 (39%) of 59 tumors; resection was classified as Simpson Grade 3 or 4 in the remaining 61% of cases. There was a clear correlation between the site attachment of the meningiomas and the extent of resection, as shown in Table 2 .
Morbidity and Mortality
Five patients (8.8%) died in the first 45 days after surgery. In one case, death was due to a myocardial infarction 3 days after surgery. Another patient died from neurogen- ic pulmonary edema 6 days postoperatively, although surgery was uneventful and findings on postoperative MR imaging were considered normal. An 80-year-old patient died of general complications 3 days after surgery. Two patients died of ischemic arterial complications. All 5 of these cases involved large Type A meningiomas with clival extension. Four of the patients had previously undergone surgical treatment of the lesion in another center either once or twice.
Four cases of bacterial meningitis were suspected and treated by intravenous antibiotic therapy, but only 2 of these cases were confirmed by CSF analysis. (Lumbar puncture was performed in 4 cases, but bacteria causing meningitis were identified in only 2.) One case of pneumonia was noted. Cerebrospinal fluid leaks were documented in 3 patients. One resolved with lumboperitoneal shunt placement, whereas 2 required reoperation for closure of the fistula. In these last 2 cases, high-resolution contrastenhanced CT cisternography was performed to better identify the site of the CSF leak. Surgical repair was then performed: we reopened the skin and elevated the superficial layers to expose the patent air cells and plug them with abundant fat and fibrin glue. Lumbar drainage was maintained for 72 hours after surgery.
Cerebral arterial and cranial nerve complications occurred in several patients and are detailed in Table 3 . All the vascular complications we noted were permanent. Among the patients who had postoperative oculomotor deficits, 67% had recovered at last follow-up; these deficits occurred primarily in patients harboring Type A tumors. We found that 5% of patients had permanent hypacusia and 5% of patients had permanent facial nerve deficits; most of these patients harbored Type M tumors. We found that 13.5% of patients had trigeminal nerve numbness, including 2 with anesthesia dolorosa; Type A tumors with Meckel cave involvement were mostly responsible for these symptoms.
Patient Follow-Up and Treatment Failure
Of the 36 patients in whom residual tumor was present after microsurgery, 25 patients were eligible for radiosurgery. In all these cases, Gamma Knife surgery was performed during the first 6-18 months after resection. Those patients in whom resection was graded Simpson 3 or 4 with small remnants had Gamma Knife surgery. A dose of 12 Gy was delivered.
One patient with a larger remnant underwent stereotactic fractioned radiation therapy. No patient experienced permanent side effects after these radiation treatments.
At last follow-up, 3 cases of tumor regrowth had been observed; in all 3 cases, the lesions were initially WHO Grade II tumors. Radiological regrowth was diagnosed in these 3 cases at 6, 7, and 54 months.
Overall, tumor control was obtained in 49 (94%) of 52 of cases.
Discussion
We report our 8-year experience treating posterior petrous bone meningiomas and provide easy criteria based on the Desgeorges classification to use in choosing the surgical approach. Posterior petrous bone meningiomas are lesions that develop in an area delineated by the superior petrosal sinus, the inferior petrosal sinus, and the sigmoid sinus. Despite early contact of the cranial nerves V, VII, and VIII with the meningioma, these nerves often remain protected in their own arachnoid sheath even in cases of large tumors. Therefore, if care is taken to avoid damaging these nerves during surgery, they can be preserved with excellent functional results. Before surgery is initiated, it is essential to predict the direction of displacement, which depends on the meningioma's attachment site.
About Tumor Classifications
There is a lack of consensus on the definition of posterior petrous meningiomas, and these cases were initially all referred to as CPA meningiomas. Bricolo et al. 3 divided posterior petrous meningiomas into tumors anterior to the IAC and tumors posterior to the IAC. Desgeorges et al. 6 refined this description when they introduced the A-M-P classification, the one we adopted in this paper. In Type M meningiomas, the area of dural attachment is around the porus of the IAC. While displacement of the acousticofacial bundle is predictable in Type A and Type P tumors, the situation is more varied in Type M lesions and depends on the exact growth of the tumor from the margin of the porus (pre-, post-, supra-, or inframeatal meningiomas). Whatever the classification used, large broad-based meningiomas involve more than one segment of the posterior petrous bone and it becomes harder to predict the exact shifting of the cranial nerves around the tumor capsule. Type A meningiomas usually involve the middle fossa (Meckel cave, petroclinoid fold) and the IAC. Large Type P meningiomas extend toward the Type M zone.
About the Approaches
The retrosigmoid approach was initially used primarily for the management of CPA schwannomas and was subsequently applied to resection of posterior petrous bone meningiomas. 3, 10, 15 The retrosigmoid approach is quick, straightforward, offers wide exposure of the CPA, and involves well-known anatomy. However. it does not allow for early control of the tumor feeding vessels and easy Simpson Grade 1 resection in Type A tumors because the dura and bony insertion cannot be extensively resected. Therefore, this approach is reserved for Type P and some Type M meningiomas because the posterior tumor capsule is then in close proximity to the surgeon and nerves stay protected in their arachnoid sheath at the ventral part of the tumor capsule. In Type A meningiomas, the acousticofacial bundle is usually displaced posteriorly and interposed in the operative field. Repeated maneuvers of resection and coagulation put these nerves at risk during the operative procedure.
On the other hand, transpetrous approaches allow early resection of involved bone and dura, control of the feeders, and limited retraction of the brain. 4, 5 They offer shorter distances and better orientation toward the ventral brainstem. Nevertheless, they require special training and knowledge of the complex anatomy of the petrous bone. Moreover, the intrapetrous otoneurological structures are at risk for damage during the approach. We considered the anterior petrosectomy the most logical approach for Type A meningiomas. Once the Kawase triangle is resected, 8 the surgical corridor offers direct access to the porus trigeminus where these meningiomas are located. Opening of the Meckel cave is allowed by the approach, as well as resection of the tentorium and petroclinoid fold; exposure of the lower pons and the area behind the IAC is, however, limited. While gaining greater experience, we have gradually simplified our paradigm of approaches, and we have switched from the use of the whole panel of lateral skull base approaches to the routine use of 2 approaches: the retrosigmoid approach and the Kawase approach. However, for giant A-M-P tumors involving the petroclival area and the middle fossa, we still consider that combined petrosectomy offers the best exposure for a one-stage surgery. 12 
About Complications
In this series, we present the results of microsurgically managed large and extra-large posterior fossa meningiomas. To summarize, quality of resection and functional results are excellent in patients with Type P or Type M meningiomas and less favorable in those with Type A meningiomas.
Major life-threatening complications were of vascular origin. They were observed when resection was undertaken for the largest tumors, which originated from the petrous apex with extensions to the clivus and middle fossa. These complications were due to direct manipulation of the vessels involved in the tumor capsule. Those patients who had undergone surgery previously were also at greater risk of complications, probably because of more adhesions and fibrous scar tissue.
As a rule, cranial nerves are not involved by the tumor but are in a vulnerable position at the point where they enter their own dural sheath. The cranial nerve IV is usually identified in its perimesencephalic course even in very large tumors, but attempting tumor resection at the level of the petroclinoid fold usually results in permanent deficit. As for the cranial nerve V, the risk is greater at the level of the porus trigeminus and inside the Meckel cave, where the pars triangularis is usually infiltrated by the meningioma. In cases of pure Type A meningiomas, there is no reason to damage the cranial nerve VI because it runs medially and caudally to the tumor. However, the area of dural attachment may extend toward the groove of the inferior petrosal sinus and to the porus of the Dorello canal where the nerve is under tension. Attempting tumor resection or coagulation at this location may cause permanent damage. Taking this point into account, in most cases of Type A meningiomas, we intentionally opted for subtotal resection followed by stereotactic radiosurgery to treat the remnant tumor instead of performing radical resection.
Conclusions
Careful analysis of preoperative CT and MR images of posterior petrous bone meningiomas allows reliable identification of the site of dural attachment and demonstrates the neurovascular displacement. In our current practice, these parameters guide the selection of surgical approach. For all but Type P meningiomas, attempting radical resection places the patient at greater risk of morbidity. Moreover, subtotal resection can be safely and effectively combined with stereotactic radiosurgery. Therefore, our current policy is moving toward less use of complex and aggressive skull base approaches. In such a paradigm, the retrosigmoid approach appears to be the best choice for Type P and most Type M cases, whereas most Type A meningiomas are adequately managed with an epidural anterior petrosectomy.
